Increased hepatic lipid content is associated with hepatic as well as whole-body insulin resistance and is typical for individuals with type 2 diabetes mellitus. However, whether insulin resistance causes hepatic steatosis or whether hepatic steatosis per se reduces insulin sensitivity remains unclear. Multiple metabolic pathways lead to the development of hepatic steatosis, including enhanced free fatty acid release from adipose tissues (lipolysis), increased de novo fatty acid synthesis (lipogenesis), decreased mitochondrial b-oxidation and decreased very low-density lipoprotein secretion. Although the molecular mechanisms leading to the development of hepatic steatosis in the pathogenesis of type 2 diabetes mellitus are complex, several recent animal models have shown that modulating important enzymes involved in hepatic fatty acid and glycerolipid synthesis might be a key for treating hepatic insulin resistance. We highlight recent advances in the understanding of the molecular mechanisms leading to the development of hepatic steatosis and insulin resistance. (J Diabetes Invest,
INTRODUCTION
In the past few decades, the prevalence of obesity and type 2 diabetes mellitus has grown to epidemic proportions 1 . Hepatic insulin resistance is a principal component of type 2 diabetes 2 . Decreased hepatic insulin sensitivity leads to elevated hepatic glucose production, hyperinsulinemia, increased b-cell mass and hyperglycemia.
Hepatic steatosis is a common finding in patients with type 2 diabetes. Approximately 70% of patients who are obese or who have type 2 diabetes develop non-alcoholic fatty liver disease (NAFLD), and 20% of these patients show progression to nonalcoholic steatohepatitis 3, 4 . Despite the existing correlation between hepatic steatosis and insulin resistance, whether insulin resistance causes hepatic steatosis or whether the increase in triacylglycerol (TAG) and/or lipid metabolites might play a causal role in the development of hepatic or systemic insulin resistance remains unclear. Recent studies have favored the concept that hepatic TAG itself is not toxic and might in fact protect the liver from lipotoxicity by buffering the accumulation of toxic fatty acids (FA).
HEPATIC LIPID METABOLISM IS INVOLVED IN FATTY LIVER DEVELOPMENT
Hepatic FA are derived from several different sources, including peripheral fats stored in white adipose tissue that flow to the liver as plasma free FA (FFA), dietary FA (mainly through the uptake of intestinally derived chylomicron remnants) and FA newly synthesized in the liver through de novo lipogenesis (DNL). After the esterification step, TAG can be stored as lipid droplets within hepatocytes or secreted into the blood as very low-density lipoprotein (VLDL), but they can also be hydrolyzed and FA can be channeled toward the b-oxidation pathway. Therefore, excessive hepatic lipid accumulation can be caused by the following four different metabolic perturbations: (i) increased FFA flux to the liver from lipolyzed adipose TAG or dietary lipids; (ii) increased DNL; (iii) reduced FA oxidation; and (iv) reduced lipid export in the form of VLDL 5, 6 ( Figure 1 ). Studies in humans and rodents have shown that the mechanisms leading to excessive hepatic lipid accumulation are mainly linked to increased FFA delivery from peripheral expanded adipose tissue to the liver and enhanced hepatic DNL, whereas lipid disposal through b-oxidation and VLDL export are only moderately affected 7 .
FA Delivery and Uptake
The rate of hepatic FFA uptake depends on FFA delivery to the liver and the capacity of the liver for FFA transport. In the postabsorptive state, the major source of FFA delivered to the liver is derived from FFA released from white adipose tissue. FFA and glycerol hydrolyzed from visceral adipocytes are transported to the liver, because the blood stream of visceral organs flows directly into the liver through the portal vein. The inflow of FA into the liver by lipolysis in adipose tissue increases in obesity and insulin resistant states TAG also contribute to hepatic FA accumulation and steatosis. These increases in hepatic lipase and hepatic lipoprotein lipase, along with higher postprandial lipidemia and FFA concentrations in NAFLD subjects, might be responsible for the increased postprandial incorporation of dietary FA into intrahepatic TAG observed in obese subjects with type 2 diabetes. Furthermore, membrane proteins that direct trafficking of FFA from plasma into tissues are also likely to be involved in increased hepatic FFA uptake. Gene expression of FAT/CD36, which is an important regulator of tissue FFA uptake from plasma, increases in the liver of obese subjects with hepatic steatosis 10 . Therefore, these data suggest that alterations in adipose tissue lipolytic activity, regional hepatic lipolysis of circulating TAG and tissue FFA transport proteins could be involved in the pathogenesis of hepatic steatosis.
DNL
Synthesis of hepatic FA and TAG is nutritionally regulated 5 . When a high-carbohydrate diet is ingested, carbohydrate is converted into hepatic TAG by key enzymes involved in the glycolytic and lipogenic pathways, including glucokinase and liver pyruvate kinase (L-PK) for glycolysis; adenosine triphosphate (ATP) citrate lyase, acetyl-CoA carboxylase (ACC) and FA synthase (FAS) for lipogenesis; ELOVL6 and stearoyl-CoA desaturase 1 (SCD1) for catalyzing FA elongation and desaturation steps; and mitochondrial glycerol-3-phosphate acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT) for TAG synthesis ( Figure 2 ). Under normal conditions, the contribution of DNL to FA, TAG, and VLDL synthesis is small in humans and estimated to be <5% in the postabsorptive state 11 . Conditions associated with a high rate of lipogenesis, such as ingestion of a high-carbohydrate diet, hyperglycemia and hyperinsulinemia, are associated with a shift in cellular metabolism from lipid oxidation to lipid synthesis. Using a stable isotope approach, nearly 60% of hepatic TAG in subjects with NAFLD, has been shown to be derived from circulating FFA, a little more than 10% from the diet, and close to 30% from DNL 11 . This suggests the importance of DNL in the pathology of hepatic steatosis observed in obese subjects with type 2 diabetes.
TRANSCRIPTIONAL REGULATION OF DNL
Enzymes involved in DNL are acutely regulated by post-translational and allosteric mechanisms, whereas they are mainly controlled on a long-term basis by modulating their transcription rate. The fact that the transcription factor, sterol regulatory element-binding protein (SREBP)-1c, which is itself stimulated by glucose and insulin, activates the transcription of genes involved in FA (e.g. ACC, FAS, ELOVL6 and SCD1) and TAG synthesis (e.g. GPAT and DGAT) 12 is now well accepted ( Figure 2 ). SREBP-1c overexpression in livers of transgenic mice leads to the development of fatty liver as a result of increased lipogenesis 13 . Inactivation of the SREBP-1c gene in livers of ob/ob mice, a genetic model of leptin deficiency that develops obesity and hepatic steatosis, results in an approximately 50% reduction in hepatic TAG 14 . We and others have shown that increased rates of hepatic FA synthesis contribute to the development of fatty livers in rodent models of insulin resistant diabetes and obesity 14, 15 . In addition, SREBP directly repress the transcription of insulin receptor substrate (IRS)-2, the main insulin signaling molecule in the liver 16 . IRS-2 repression by hepatic SREBP-1c leads to the inhibition of the process regulating insulin signaling. Thus, chronic activation of hepatic SREBP-1c causes hepatic steatosis, hypertriglyceridemia, hyperglycemia and insulin resistance, leading to the development of type 2 diabetes.
In addition to SREBP-1c, liver X receptors (LXR) are also important regulators of lipid synthesis (Figure 2 ). Hepatic LXR activation by endogeneous oxysterol ligands results in the upregulation of genes involved in lipid and carbohydrate metabolism. Oral administration of LXR agonists to mice results in elevated hepatic FA synthesis and steatosis 17 . This increased hepatic lipogenesis is largely attributed to a LXR-dependent upregulation of SREBP-1c expression. Insulin and glucose can stimulate the transcriptional activity of LXR 18, 19 . Thus, hyperinsulinemia and hyperglycemia can activate LXR and SREBP-1c, resulting in increased lipogenesis, hepatic lipid accumulation and worsening of hepatic insulin resistance.
Carbohydrate-mediated DNL stimulation is transcriptionally mediated by the carbohydrate response element-binding protein (ChREBP) 20 . Glucose activates ChREBP by regulating its entry from the cytosol into the nucleus and by activating the binding of this transcription factor to DNA (Figure 2 ). ChREBP regulates hepatic lipid synthesis through the transcriptional control of L-PK, a key regulatory enzyme in glycolysis, and the lipogenic genes ACC and FAS in response to glucose. Hepatic TAG content decreases in ChREBP knockout mice compared with wildtype mice 21 . Furthermore, deletion of ChREBP in ob/ob mice results in decreased hepatic steatosis and obesity, and ameliorates glucose intolerance and insulin resistance 22 . Thus, clarification of the role of ChREBP and its target genes in glucose and lipid metabolism will be useful for preventing and treating type 2 diabetes.
THE ROLE OF LIPID METABOLITES IN THE DEVELOPMENT OF HEPATIC INSULIN RESISTANCE
The cellular mechanisms responsible for FA-induced insulin resistance are not fully understood. As discussed earlier, an association between hepatic steatosis and insulin resistance exists, and several rodent models have shown that decrease in hepatic TAG content correlates with improvement in insulin sensitivity. However, whether a causal relationship exists remains uncertain. Several lines of evidence suggest that lipid intermediates, such as diacylglycerol (DAG), long chain fatty acyl-CoA, ceramide, lysophosphatidic acid (LPA) and phosphatidic acid (PA), rather than TAG itself, are important for the development of hepatic insulin resistance.
TAG
Hepatic TAG accumulation was once believed to impair insulin signaling and cause insulin resistance. However, recent data show that hepatic TAG accumulation is a parallel phenomenon and not the direct cause for impaired insulin signaling. Dissociation between hepatic steatosis and insulin resistance has been observed in some genetically altered or pharmacologically manipulated animal models. Overexpression of hepatic DGAT2 23 , blockade of hepatic VLDL secretion 24 and pharmacological blockade of b-oxidation in mice 25 cause significant hepatic steatosis, but not hepatic insulin resistance. In contrast, inhibiting hepatic TAG synthesis by decreasing DGAT2 in diet-induced and genetically obese mice decreases hepatic steatosis, but does not improve insulin sensitivity 26 . These data support the notion that hepatic TAG accumulation is not necessary for causing insulin resistance, and that excessive accumulation of certain FA-derived lipid metabolites is lipotoxic and is a cause of hepatic insulin resistance. In fact, TAG synthesis is beneficial for removing potentially lipotoxic FA derivatives, such as FFA, DAG and ceramide, by channeling FA substrates into a storage form of TAG 27 . However, TAG in excess might obstruct hepatic blood flow by compressing the sinusoids 28 . Furthermore, storage of TAG as lipid droplets is only a temporary measure; FA in TAG can be released at any time, and if the cell is still unable to handle FA appropriately through other metabolic pathways, the stored TAG can serve as a source of toxic intermediates. DAG Recent studies implicate DAG as an inducer of insulin resistance 29 . When excess DAG is formed, protein kinase C (PKC)e is activated, and IRS-1 and IRS-2 are phosphorylated on tyrosine residues, which diminishes phosphatidylinositol 3-kinase and Akt activation 2 . This is not entirely surprising, because lipogenic diets normally increase SREBP-1c-mediated glycerolipid synthesis.
Both GPAT1 knockout mice 30 and adenovirus-mediated GPAT1 overexpression in the liver 31 provide evidence for an important role of this enzyme in the development of hepatic steatosis and insulin resistance. GPAT1 knockout mice show reduced levels of both hepatic DAG and TAG, and are protected against high-fat, diet-induced hepatic insulin resistance, possibly as a result of low DAG-mediated PKCe activation 30 . Interestingly, although GPAT1 inhibition leads to a significant accumulation of hepatic acyl-CoA content, GPAT knockout mice do not show hepatic insulin resistance, suggesting that DAG is most likely the better candidate to account for insulin resistance. GPAT1 overexpression in livers of rats also supports the importance of DAG in the development of hepatic insulin resistance. Hepatic GPAT1 overexpression causes hepatic steatosis and insulin resistance. Hepatic insulin resistance observed in GPAT1-overexpressing rats is associated with elevated DAG, LPA and TAG concentrations, as well as activated PKCe.
Other Potential Mediators
In addition to DAG, glycerolipid intermediates, such as LPA and PA, can also initiate signaling pathways. LPA is a ligand for peroxisome proliferator-activated receptor (PPAR)c and might be responsible for the upregulation of PPARc target genes observed in fatty liver 32 . Intracellular PA activates the mammalian target of rapamycin, which downregulates the insulin signal by promoting serine phosphorylation of IRS-1 when nutrients are present in excess 33 . Recent studies have also shown that FA composition of the lipid species (the length of carbon chain and/or the number and position of unsaturated bonds) could be another determinant of the development of hepatic insulin resistance accompanying intracellular lipid accumulation. An unexpected phenotype has been observed while analyzing mice deficient for ELOVL6, a microsomal enzyme involved in the elongation of saturated and monounsaturated FA with 12, 14 and 16 carbons. Loss of ELOVL6 function increases the levels of palmitate (C16:0) and palmitoleate (C16:1), but reduces the levels of stearate (C18:0) and oleate (C18:1). Elovl6 knockout mice are protected against developing hepatic insulin resistance when fed a high-fat/highsucrose diet, despite that hepatic steatosis and obesity observed in these mice are similar to those observed in wild-type mice 34 , suggesting that hepatic FA composition, particularly the conversion of palmitate to stearate, is crucial for insulin sensitivity rather than only lipid accumulation. In addition, some DAG and sphingolipid species might be poor inhibitors of insulin signaling 6 . FA composition of glycerolipid intermediates might influence their signaling capacities and importance as contributors to hepatic insulin resistance.
RELATIONSHIP BETWEEN HEPATIC LIPID METABOLISM, INFLAMMATION AND INSULIN RESISTANCE
Although hepatic lipid accumulation is associated with and might be sufficient to explain the development of insulin resistance, systemic chronic inflammation has been proposed to play an important role in the development of insulin resistance and type 2 diabetes.
Several signaling pathways link the inflammatory mechanisms of insulin resistance. An important kinase likely to mediate the cross-talk between inflammatory and metabolic signaling is c-Jun N-terminal kinase 1 (JNK1), a serine/threonine protein kinase that is regulated by FFA and many inflammatory stimuli, ª 2011 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd such as tumor necrosis factor-a and interleukin-1b. In both genetic and dietary animal models of obesity, JNK1 activity increases in the liver, muscle and adipose tissue, and loss of JNK1 function prevents insulin resistance 35 . The target of JNK1 action is serine phosphorylation of IRS-1, which impairs insulin action 36 . Furthermore, FA-induced insulin resistance might be mediated by phosphorylating inhibitor of NF-jB (IjB) kinase b (IKKb). Transgenic mice expressing constitutively low levels of IKKb in hepatocytes activate NF-jB, which leads to hepatic and systemic insulin resistance 37 . Furthermore, pharmacological inhibition of IKKb activity with high-dose aspirin treatment reduces fasting hyperglycemia and basal hepatic glucose production, as well as improves peripheral glucose uptake in a mouse model and in patients with type 2 diabetes 38, 39 . IKKb inhibits insulin signaling by directly phosphorylating IRS-1 serine residues and by activating IjB, which leads to NF-jB translocation and stimulates the production of multiple inflammatory mediators that can cause insulin resistance 40 . Once activated, this process might trigger a vicious positive-feedback loop of inflammatory responses that negatively regulate insulin signaling.
In the liver, insulin resistance seems to be somewhat paradoxically associated with a reduced ability of insulin signaling to inhibit glucose production, whereas insulin-stimulated lipogenesis is enhanced. Despite a number of arguments, whether insulin resistance leads to hepatic steatosis and whether steatosis or rather the presence of FA derivatives involved in TAG synthesis enhances insulin resistance are still under debate. In addition, not only gross lipid content, but also intracellular FA composition is crucial for insulin sensitivity. Identification of the molecular mechanisms leading to disordered lipid metabolism and insulin resistance in steatotic livers using genomic, proteomic and lipidomic approaches involving tissues from patients with type 2 diabetes are expected to improve both diagnostic and therapeutic approaches. Further studies will be required to identify the molecular mechanisms leading to disordered lipid metabolism and insulin resistance in steatotic livers. These studies are also expected to develop novel therapeutic approaches for the treatment and prevention of insulin resistance and type 2 diabetes.
